X-ray diffraction with photon energies near the Ru L2-absorption edge was used to detect resonant reflections characteristic of a G-type superstructure in RuSr2GdCu2O8 single crystals. A polarization analysis confirms that these reflections are due to magnetic order of Ru moments, and the azimuthal-angle dependence of the scattering amplitude reveals that the moments lie along a low-symmetry axis with substantial components parallel and perpendicular to the RuO2 layers.
X-ray diffraction with photon energies near the Ru L2-absorption edge was used to detect resonant reflections characteristic of a G-type superstructure in RuSr2GdCu2O8 single crystals. A polarization analysis confirms that these reflections are due to magnetic order of Ru moments, and the azimuthal-angle dependence of the scattering amplitude reveals that the moments lie along a low-symmetry axis with substantial components parallel and perpendicular to the RuO2 layers.
Complemented by susceptibility data and a symmetry analysis of the magnetic structure, these results reconcile many of the apparently contradictory findings reported in the literature. RuSr 2 GdCu 2 O 8 (Ru1212) and related compounds with alternating RuO 2 and CuO 2 layers have attracted tremendous scientific interest in recent years, mainly due to the microscopic coexistence of long-range magnetic order and superconductivity [1, 2, 3] . With a magnetic ordering temperature T N = 100 − 150 K and a superconducting transition temperature of ∼ 15 − 50 K, Ru1212 exhibits not only the highest magnetic transition temperature among all magnetic superconductors, but also the broadest coexistence range of magnetic order and superconductivity. However, as most of the research on Ru1212 has thus far been performed on powder samples, information about the nature of the magnetic order is limited. Neutron powder diffraction (NPD, which is complicated by the large neutron absorption cross section of Gd) has revealed two superstructure reflections below T N , which indicate antiferromagnetic (AF) order of Ru moments in all three crystallographic directions ("G-type antiferromagnetism") [4, 5] . While a magnetic structure refinement could not be performed, the NPD data suggested a magnetic moment direction along the c-axis (perpendicular to the RuO 2 layers). Magnetization [6, 7] , ferromagnetic resonance (FMR) [8] , and nuclear magnetic resonance (NMR) data [9, 10, 11] , on the other hand, have been interpreted in terms of a state in which ferromagnetic RuO 2 layers with in-plane moment orientation are antiferromagnetically stacked along c. The net ferromagnetic exchange field in the CuO 2 layers implied by the latter scenario would actuate the intimate coupling between ferromagnetism and d-wave superconductivity that has motivated much of the work on Ru1212 [1, 2, 3] . The superstructure reflections in the NPD experiment might then be understood as manifestations of Ru 4+ -Ru 5+ charge order, for which there is independent evidence from magnetometry, x-ray absorption, and NMR [9, 10, 11, 12] .
In an attempt to resolve this controversy, we have performed a resonant x-ray diffraction (RXD) study of Ru1212. The photon energy was tuned to the L 2 -absorption edge of ruthenium, where electric dipole transitions directly probe the partially occupied Ru 4d electron orbitals responsible for the magnetic properties of the material. The large resonant enhancement of the magnetic scattering cross-section, in combination with the high brilliance of the x-ray beam provided at thirdgeneration synchrotron facilities, enabled the investigation of sub-millimeter-sized crystals of Ru1212 that are well below the size limit for neutron diffraction. The RXD data confirm the presence of the superstructure reflections observed by NPD [4, 5] , and a polarization analysis of the scattering cross section rules out interpretations in terms of charge ordering. The azimuthalangle dependence of the RXD cross section (as well as magnetization data taken on the same single crystals) demonstrate, however, that the magnetic moments in the G-type AF state are oriented along a low-symmetry crystallographic direction with a substantial in-plane component, as inferred from NMR and FMR data [8, 9, 10, 11] . We show that this observation is also consistent with the previously reported NPD data [4, 5] . A symmetry analysis of the magnetic structure implies a ferromagnetic component of the RuO 2 layer magnetization that alternates along c. Evidence for this component is provided by the macroscopic susceptibility. These observations reconcile a variety of apparently contradictory reports in the literature.
The crystal structure of Ru1212 is approximately tetragonal with room-temperature lattice parameters a = b = 3.836Å and c = 11.563Å [13] . The electronically active units are alternating RuO 2 layers and CuO 2 bilayers that extend parallel to the crystallographic ab plane. Although subtle orthorhombic distortions have been reported in the literature [15] , we index the wavevector components (h k l) in the tetragonal space-group P 4/mmm, except where noted otherwise. The investigated samples were single crystals with typical sizes 100 × 100 × 50 µm 3 , grown by the self-flux method as explained elsewhere [14] . They were picked out of a large polycrystalline piece that also contained other phases (byproducts of the growth procedure), and crystallographically identified with a laboratory x-ray generator. Magnetization measurements (inset in Fig. 2 ) revealed a magnetic ordering temperature of 102 K, in good agreement with prior single-crystal data [1] , but lower than that of most polycrystalline samples reported in the literature [1, 2, 3] . On the other hand, the superconducting transition temperature T c = 45 K, also revealed by the magnetization measurements, is higher than that of typical Ru1212 powders. These differences probably reflect variations of the distribution of Ru, Cu, or O ions with the synthesis conditions. The RXD experiments were conducted at beam line 4ID-D of the Advanced Photon Source at Argonne National Laboratory and at beam line KMC1 of the BESSY synchrotron in Berlin, Germany. At 4ID-D, the sample was enclosed in a closed-cycle cryostat capable of reaching temperatures between 10 and 350 K, which was mounted on an eightcircle diffractometer with a vertical scattering geometry. To minimize absorption effects, the flight path was either kept in vacuum or in He-atmosphere, and the number of Be windows was minimized. The scattered signal was detected with a NaI scintillation detector and the polarization analysis was carried out with a Si (1 1 1) crystal. At KMC1, we used a UHV two-circle diffractometer with a horizonal scattering geometry designed at the Freie Universität Berlin. The sample was mounted on a copper goniometer head that was attached to the cryostat, allowing a manual rotation of the sample about the scattering vector. Sample temperatures as low as 16 K were reached with this setup. Fig. 1 shows the energy dependence of the intensity of the reflections ( 2 ). For both reflections, a large resonant enhancement of the magnetic scattering cross-section is observed at the L 2 -absorption edge. This originates from electric dipole transitions from the 2p core level directly into the partly occupied 4d t 2g orbitals. A second, weaker resonant peak approximately 4 eV above the absorption edge is probably due to electric dipole transitions into the unoccupied 4d e g orbitals, as previously observed in RXD experiments on Ca 2 RuO 4 [16] . No off-resonant scattering was observed above background. A lower bound of 500Å on the magnetic domain size in the RuO 2 planes was inferred from the half width at half maximum of the longitudinal reciprocal- ) and ( space scan shown in the inset of Fig. 1 . The intensity of the resonant reflections vanishes above the Néel temperature of 102 K (Fig. 2) , in good agreement with the magnetization data (inset in Fig. 2 ).
The observation of resonant magnetic reflections at reciprocal space position ( 2 ) indicates a doubling of the unit cell along all three crystallographic directions, which reflects a modulation of either the magnetization density or the charge density of the Ru valence electrons. In order to discriminate between these two scenarios, we have analyzed the polarization of the scattered signal at the ( 2 ) reflection, which was measured with an incident photon polarization perpendicular to the scattering plane. The results show that the intensity of the superstructure reflections originates entirely from scattering events in which the photon polarization is rotated (σ → π ′ , where σ/σ ′ and π/π ′ denote the polarization of the incident/scattered x-ray beam perpendicular and parallel to the diffraction plane, respectively). This confirms the interpretation of the NPD data in terms of G-type magnetic order [4, 5] . As no intensity above background was detected in the σ → σ ′ channel, we can rule ) and ( ). The Néel temperature of about 102 K agrees with the one found by field cooled magnetization measurements shown in the inset, which were carried out on single crystals at 100 Oe.
out models [8, 11] according to which the superstructure reflections originate from charge order [17] .
In order to determine the direction of the magnetic moments, we rotated the sample around the scattering vector and measured the azimuthal-angle dependence of the scattered intensity at the ( (Fig. 3) . Assuming a collinear AF structure [18] , the results were fitted to an expression derived by Hill and McMorrow [19] :
Here, θ is the Bragg angle, ψ the azimuthal angle, and α the angle between the magnetic moment and the scattering vector. The best fit was obtained with α = 49.0 ± 1.1
• . An additional constraint on the moment direction is provided by the phase, ψ 0 , of the intensity modulation as a function of ψ, whose maximum is determined by the condition that the magnetic moment lies in the scattering plane. In our experiment, the maximum intensity was observed when the crystallographic c-axis was 53
• off the scattering plane. Thus, the magnetic moment direction subtends an angle of α = 49
• with (1 1 1) and of 53.8
• with (0 0 1). This corresponds approximately to the (1 0 2) direction in reciprocal space:
( (102), (111)) = 45.6
• and ((102), (001)) = 56
• . Therefore, (1 0 2) can be considered as the approximate direction of the magnetic moment. This conclusion is supported by the azimuthal dependence measured at the second magnetic reflection 2 ) (not shown here), which also exhibits maximum intensity when (1 0 2) lies in the scattering plane.
The direction of the magnetic moment inferred from our RXD data is consistent with the macroscopic susceptibility, which is reduced below the Néel temperature when the magnetic field is applied both along and perpendicular to the c-axis (inset in Fig. 2) . It is also interesting to compare our results to those of the NPD experiments [4] . Based on the intensity ratio of the ( 2 ) reflections, these experiments had led to the tentative conclusion that the magnetic moments are oriented along the c-axis. By coincidence, this ratio happens to be identical for the moment direction inferred from our data, so that both experiments are fully consistent. At the same time, the large in-plane component of the sublattice magnetization confirms conclusions from FMR and NMR experiments [8, 9, 10, 11] .
In order to further assess the implications of our data, we have performed a representation analysis [20] of the magnetic structures compatible with the space group P bam resulting from a recent crystallographic study [15] . In this setting, the unit cell is doubled and 45
• rotated in the ab-plane with respect to the tetragonal (P 4/mmm) unit cell, as a consequence of a staggered rotation of the RuO 6 octahedra around the c-axis. (The latter two possibilities cannot be distinguished because our crystals are composed of two orthorhombic twin domains. We cannot rule out a small admixture of [−, −, F z].) This may reflect structural distortions beyond those reported in the literature, or terms in the spin Hamiltonian of order higher than the usual bilinear exchange coupling. In Ru1212, such terms may arise from charge and/or orbital fluctuations in the RuO 2 layers, or from proximity to the highly conducting CuO 2 bilayers. Note that a similar effect was recently observed in insulating vanadates and tentatively attributed to orbital fluctuations [21] .
Leaving these details aside, the representation analysis reveals that a ferromagnetic in-plane component is required by symmetry to accompany the experimentally observed staggered component of the magnetization, as a consequence of a Dzyaloshinskii-Moriya interaction activated by the octahedral rotation pattern. The propagation vector ((0 0 1 2 ) in P bam) implies an alternation of this component along the c-axis. This is precisely the magnetic mode inferred from FMR and NMR experiments [8, 9, 10, 11] . While this component appears to be too small to be directly apparent in the RXD or NPD data, the pronounced upturn in the uniform susceptibility above T N may be an indirect manifestation of a ferromagnetic moment of each RuO 2 layer that is compensated by weak interlayer exchange interactions, as observed in other "weak" ferromagnets such as La 2 CuO 4 [22] . Defects such as stacking faults [23] (or else structural distortions beyond P bam) may then induce an uncompensated ferromagnetic moment observed in some (but not all) experiments [1, 2, 3] .
In summary, our RXD data (in conjunction with prior crystallographic work [15] ) reconcile a variety of apparently contradictory findings on the magnetic structure of Ru1212 from different experimental probes, and thus resolve a major puzzle in the experimental literature. Further work is required to assess the influence of the surprisingly complex magnetic structure on the superconducting properties of the CuO 2 layers. In particular, it is conceivable that the exchange field imposed by domain boundaries of this structure contributes to the granular superconducting response reported previously [1, 2, 3] .
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